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A novel corona inducing dielectric barrier discharge (CIDBD) and catalyst hybrid reactor was developed for reforming methane. 
This corona inducing technique allows dielectric barrier discharge (DBD) to occur uniformly in a large gap at relatively low ap-
plied voltage. Hydrogen production by reforming methane with steam and air was investigated with the hybrid reactor under at-
mospheric pressure and temperatures below 600°C. The effects of input power, O2/C molar ratio and preheat temperature on me-
thane conversion and hydrogen selectivity were investigated experimentally. It was found that higher methane conversions were 
obtained at higher discharge power, and methane conversion increased significantly with input power less than 50 W; the opti-
mized molar ratio of O2/C was 0.6 to obtain the highest hydrogen selectivity (112%); under the synergy of dielectric barrier dis-
charge and catalyst, methane conversion was close to the thermodynamic equilibrium conversion rate. 
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Hydrogen is considered to be an ideal source of energy that 
could play a key role in fuel cells, combustion engines or 
gas turbines [1–3]. Currently, the technology of hydrogen 
storage and transportation is not yet mature. Consequently, 
the design and operation of compact and distributed hydro-
gen production devices [4] has attracted considerable inter-
est for combining plasma-chemical activation of reactants 
with heterogeneous catalysis in hydrogen production [5]. 
Compared with traditional chemical processes, plasma 
technology has the potential to allow design of smaller hy-
drogen production units with the capability of rapid re-
sponse to load variations, and to offer a unique way to in-
duce gas phase reactions [6]. 
Non-thermal plasmas have been considered very prom-
ising for fuel gas treatment because of their non-equilibrium 
properties, low power requirement and capacity to induce 
reactions at relatively low temperatures [6–9]. Non-thermal 
plasmas that have been applied to hydrogen production in-
clude gliding arc [10,11], spark discharge [12], corona dis-
charge [13,14], microwave discharge [1,15] and dielectric 
barrier discharge (DBD) [6,16–19]. DBD is the most com-
monly used method for atmospheric pressure non- thermal 
plasma because of its simple device construction and ho-
mogeneous distribution of discharge channels [4,20,21]. 
The shortcoming of DBD is the small discharge gap and 
demand for high applied voltage due to the approximately 3 
kV/mm breakdown electric field at atmospheric pressure in 
air. High applied voltage always results in discharge insta-
bility. Indarto [4] investigated hydrogen production by me-
thane reforming with DBD combined with a catalyst based 
on Zn and Cr oxides; the discharge gap of the reactor was 
2.9 mm. Pietruszka et al. [5] studied the synergy of DBD 
and catalyst in hydrogen production, with a 1.5 mm dis-
charge gap. Nozaki et al. [16] extensively investigated 
steam reforming of methane in DBD reactors with discharge 
gaps 0.5, 1 and 3 mm. 
Larger discharge gap and volume may be important is-
sues to develop a compact reactor as an in situ hydrogen 
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production device[22]. In the present study a novel corona 
inducing dielectric barrier discharge (CIDBD) reactor with 
discharge gap 10 mm, with nickel powder uniformly dis-
tributed in the discharge zone, was developed to reduce the 
applied voltage and improve plasma uniformity. A prelimi-
nary study of discharge performance was carried out, and 
the effects of input power, O2/C molar ratio and preheat 
temperature on methane conversion and hydrogen selectiv-
ity were investigated experimentally. 
1  Experimental section 
The experimental setup is shown schematically in Figure 1. 
Methane and air were introduced into the heater at atmos-
pheric pressure via mass flow controllers (Model Sevenstar 
D07), and the steam flow rate was controlled by adjusting 
the volume of water flowing into the steam generator. The 
preheated feed-in gas (methane, air and steam) was then 
introduced into the DBD reactor. After removing steam 
through the condenser, the gaseous products were analyzed 
on-line using a gas chromatograph (Huaai GC9560) 
equipped with a thermal conductivity detector (TCD). 
A schematic diagram of the DBD reactor is shown in 
Figure 2. The reactor comprised two coaxial quartz tubes: 
the inner tube with outer diameter 22 mm filled with metal 
powder was used as the HV electrode, and the outer tube 
with inner diameter 42 mm wrapped with copper mesh was 
used as the ground electrode. The discharge gap between 
the two electrodes was thus 10 mm. The discharge region 
was 100.5 cm3 in volume and 100 mm long. A glass fiber 
insulation layer was wrapped around the outside of the re-
actor to inhibit heat losses. 
The plasma was generated by a high-voltage alternating 
current (AC) generator with maximum peak voltage 30 kV. 
The power frequency was maintained at 20 kHz, while the 
input discharge power was manipulated by varying the dis-
charge voltage and current which were recorded by a digital 
storage oscilloscope (Tektronix TDS 2014B). The actual 
input power was calculated by  
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Figure 1  Schematic diagram of experimental apparatus. 
 
Figure 2  Schematic diagram of DBD reactor. 
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To improve the performance of discharge and catalyst, a 
mixed catalyst of nickel powder (7 g, average particle size 
100 μm) and 5 wt% NiO-ceramic fiber (11.1 g) were added 
to the discharge zone of the DBD reactor. NiO-ceramic  
fiber catalysts were prepared using the incipient wet-   
impregnation method with NiCl2·6H2O solution, with ce-
ramic fiber as support. The wet fibers were treated in a 
Co-60 source with about 60 Gy/min radiation dose rate for 
12 h, and the fibers were calcined in an oven at 450°C for 1 
h. Figure 3 shows an SEM image of the NiO-ceramic fiber 
catalyst; it is apparent that the catalyst was successfully 
aggregated on the surface of the ceramic fibers. 
Nickel powder with small radius of curvature, evenly 
dispersed in the ceramic fiber catalysts, could lead to une-
ven distribution of the electric field near the powder surface 
[23]. Corona discharge should then occur relatively easily 
under low applied voltage, then induce dielectric barrier 
discharge.  
The experimental conditions were as follows: the inlet 
O2/C molar ratio was varied between 0.1 and 1; the inlet 
H2O/C molar ratio was fixed at 1; the inlet methane flow 
rate was maintained at 0.35 sL/min; the input power was 
varied from 20 to 100 W; the feed-in gas preheat tempera 
ure was 200, 250, 300 or 350°C. The temperature of the 
reactor wall was measured with a thermocouple during the t 
entire experiment, and found to be in the range 750–840 K. 
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Figure 3  SEM image of NiO-ceramic fiber catalyst. 
2  Results and discussion 
2.1  Discharge characteristics of corona inducing   
dielectric barrier discharge 
Typical waveforms of applied voltage and discharge current 
of DBD (without nickel powder) and CIDBD (with nickel 
power) are shown in Figure 4(a) and (b), respectively. Dis-
charge was characterized by multiple current pulses of a 
series of microdischarges per half cycle of the applied volt 
age [24]. With the same discharge power (about 30 W), the 
applied peak voltages were 17.5 and 13 kV from the sinus-
oidal voltage curves in Figure 4(a) and (b), respectively. It 
was confirmed that nickel powder in the discharge zone can 
significantly reduce the breakdown voltage of DBD, be-
cause of the nickel powder distorting the local electric field 
and generating corona discharge relatively easily. 
 
 
Figure 4  Typical waveforms of the applied voltage and discharge current. 
(a) DBD (without nickel powder) and (b) CIDBD (with nickel powder). 
The discharge current pulses, designated by A and B 
with dashed line circles, showed some differences in dis-
charge performance. In the absence of nickel powder, the 
amplitude of the larger current pulses exceeded 0.15 A 
which randomly combined with small pulses in the range 
0.01–0.05 A, and none of the current pulses exceeded 0.15 
A with nickel powder. It can be argued that the amount of 
charge transported in single pulse was more uniform in the 
presence of nickel power. The duration of microdischarges 
per half cycle was sustained at about 10 and 14 μs in the 
reactor without and with nickel powder, respectively. In 
other words, the nickel powder extended the duration of 
microdischarges, and increased the proportion of duty cycle 
of microdischarges in a whole cycle. It may be concluded 
that nickel powder or any other conducting small particle 
dispersed in the discharge zone could generate CIDBD sta-
bly and uniformly, and thus is more favorable for produc-
tion of energetic electrons and active radical species rather 
than heat losses. The electrical energy consumption of DBD 
is generally divided in two parts: one part for generating 
high-energy electrons and active radical species, and anoth-
er part for heating. In the high-performance DBD reaction 
system only 20% of the electrical energy was lost as heat, 
whereas the energy consumption on heating increased to 
85% in an unoptimized system [18]. 
2.2  Effect of experimental parameters on methane 
conversion 
Figure 5 shows the effect of feed-in gas preheat temperature 
on methane conversion at constant input power (27 W). The 
molar ratio of O2/C was set to 0.25, 0.5 and 0.75 and the 
feed-in gas temperature was set to 200, 250, 300 and 350°C. 
It can be seen that higher molar ratio of O2/C led to higher 
methane conversion, and the changes in the absolute value 
of methane conversion at the same O2/C molar ratio were 
less than 2%. The influence of feed-in gas preheat tempera-
ture was negligible, which is agreement with previous work 
reported by Lü et al. [25]. To avoid excessive heat losses 
 
 
Figure 5  Methane conversion changes with preheat temperature at vari-
ous O2/C molar ratios (input power 27 W). 
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and improve the system energy efficiency the preheat tem-
perature was kept at 200°C in subsequent experiments to 
avoid steam liquefaction. 
The effect of input power on the conversion of methane 
is shown in Figure 6. Generally speaking, larger O2 content 
resulted in higher conversion of methane. Methane conver-
sion increased significantly with increase of input power, 
and reached a plateau for input power higher than 50 W at a 
given oxygen content. Vibrationally excited methane mole-
cules are more easily generated by electron impact because 
of CH4 having a larger collision cross section than the 
feed-in gas molecules. Methane molecules in vibrationally 
excited states in stretching mode are 1600 times more reac-
tive than ground state molecules on a catalyst surface [26]. 
The synergy of DBD and catalysts in enhancing chemical 
reactions is due mainly to the following three paths [18]. (1) 
Active radical species and ions are decomposed on the cat-
alyst at a lower temperature than are the ground state mole-
cules. (2) Byproducts such as acetylene and ethane decom-
pose at lower temperatures than methane. The lifetimes of 
these products are sufficiently long for them to reach the 
surface of catalyst and to be decomposed. (3) Heat generat-
ed by DBD also enhances the regular thermal reaction. It 
can be concluded that paths (1) and (2) dominate the en-
hancement of reactions when the input power is less than 50 
W. With further increase of input power the methane con-
version approaches the thermodynamic equilibrium value, 
and the heat generated by DBD has much less effect on the 
reaction. 
2.3  Effect of experimental parameters on hydrogen 
selectivity 
Figure 7 shows that the influence of input power on hydrogen 
selectivity is not significant under the conditions tested, wh- 
ereas the O2/C molar ratio plays a key role in the hydro-
genselectivity. Considered together with the influence of the 
input power on methane conversion, it seems that the plas-
ma effectively promotes methane conversion but has a less 
er effect on hydrogen production. The hydrogen selectivity 
 
 
Figure 6  Methane conversion changes with input power at various O2/C 
molar ratios (preheat temperature 200°C). 
 
Figure 7  Hydrogen selectivity changes with input power at various O2/C 
molar ratios (preheat temperature 200°C). 
was greater than 100% for O2/C molar ratios 0.5 and 0.6, 
and the highest hydrogen selectivity was 112%. 
2.4  Comparison of simulated and experimental data 
Figure 8 shows a comparison of simulated values of me-
thane conversion and hydrogen selectivity with experi-
mental data, at various O2/C molar ratios. The simulated 
values were calculated using CHEMKIN software (ther-
modynamic equilibrium temperature 800 K, H2O/C=1). The 
experimental conditions were as follows. The feed-in gas 
temperature was kept constant at 200°C, and the input pow-
er was 80 W. Good correlation was obtained between the 
calculations and the experimental results for methane con-
version. We did not achieve higher than equilibrium me-
thane conversion that was reported previously [16]. In our 
experiments methane conversion was governed by thermo-
dynamic equilibrium because of the presence of catalysts 
and the occurrence of the following reverse reactions. 
 2 2 4 2CO 4H 2H O,  CH  (4) 
 2 4 2CO 3H CH H O.    (5) 
 
 
Figure 8  Comparison of numerical simulation and experimental data for 
various O2/C molar ratios. 
2166 Zhou Z P, et al.   Chinese Sci Bull   July (2011) Vol.56 No.20 
The reverse reactions were reported by Nozaki et al. [18], 
and even if methane conversion exceeds equilibrium be-
cause of the synergistic effect of excited species generated 
by CIDBD, the reverse reactions limit that synergistic effect. 
The conversion of methane in our experiments was not 
more than 80%, hence it is necessary to focus on changing 
the composition and structure of the catalyst to inhibit re-
verse reactions. 
3  Conclusions 
Hydrogen production by reforming methane with steam and 
air was investigated in a corona inducing dielectric barrier 
discharge and catalyst hybrid reactor. The following con-
clusions can be drawn from the experimental results. (1) 
Compared to traditional DBD, corona inducing dielectric 
barrier discharge (CIDBD) is more stable and uniform with 
lower breakdown voltage; (2) input discharge power and 
inlet molar ratio of O2/C are key factors affecting the con-
version of methane, but only the molar ratio of O2/C affects 
the hydrogen selectivity; (3) the range of suitable O2/C mo-
lar ratios is 0.5–0.75, the feed-in gas should be preheated to 
a temperature not higher than 200°C, and the optimal input 
power is 50–60 W; (4) although the fundamental reaction 
mechanism of the plasma chemical process is not clearly 
understood, methane conversion in this study was governed 
by thermodynamic equilibrium. 
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